Background Detection of BRAF mutations is an established standard of care to predict small-molecule inhibitor (vemurafenib) response in metastatic melanoma. Molecular assays should be designed to detect not only the most common p.V600E mutation, but also p.V600K and other non-p.V600E mutations. Objective The purpose of this study was to assess if tumor cellularity can function as a quality assurance (QA) measure in molecular diagnostics. Potential causes of discrepancy between the observed and predicted mutant allele percentage were also explored. Methods We correlated pathologist-generated estimates of tumor cellularity versus mutant allele percentage via pyrosequencing as a QA measure for BRAF mutation detection in formalin-fixed, paraffin-embedded melanoma specimens. Results BRAF mutations were seen in 27/62 (44 %) specimens, with 93 % p.V600E and 7 % non-p.V600E. Correlation between p.V600E mutant percentage and tumor cellularity was poor-moderate (r = -0.02; p = 0.8), primarily because six samples showed a low p.V600E signal despite high tumor cellularity. A QA investigation revealed that our initial pyrosequencing assay showed a false positive, weak p.V600E signal in specimens with a p.V600K mutation. A redesigned assay detected BRAF mutations in 50/131 (38 %) specimens, including 30 % non-p.V600E. This revised assay showed strong correlation between p.V600E BRAF mutant percentage and tumor cellularity (r = 0.76; p B 0.01). Re-evaluation of the previously discordant samples by the revised assay confirmed a high level of p.V600K mutation in five specimens. Conclusions Pathologists play important roles in molecular diagnostics, beyond identification of correct cells for testing. Accurate evaluation of tumor cellularity not only ensures sufficient material for required analytic sensitivity, but also provides an independent QA measure of the molecular assays.
Introduction
Mutations of the BRAF gene often lead to constitutive activation of the mitogen-activated protein kinase (MAPK) pathway in a variety of human neoplasms [1, 2, 3] . Approximately 40-60 % of cutaneous melanomas carry a BRAF mutation [1, [4] [5] [6] . More than 90 % of all BRAF mutations in melanoma are comprised of a single amino acid substitution of valine by glutamic acid at codon 600 (p.V600E) as a result of c.1799T[A base variant [1, 7, 8] . However, non-p.V600E BRAF mutations may be more frequent than previously reported [4, 6, [9] [10] [11] , particularly the p.V600K mutation (GTG[AAG). Vemurafenib (PLX4032) is a small-molecule inhibitor of mutated BRAF protein, shown to cause programmed cell death in melanoma cell lines [12] . Clinically, vemurafenib therapy has been shown to improve survival in previously treated or untreated metastatic melanoma patients, not only those with the BRAF p.V600E mutation but also those with nonp.V600E mutations such as p.V600K and p.V600R [13] [14] [15] [16] . Dabrafenib (a BRAF inhibitor) and trametinib (an MEK inhibitor) have also been shown to improve the survival of melanoma patients [17] [18] [19] [20] [21] .
Cobas 4800, a real-time polymerase chain reaction (PCR) mutational assay, was the first US FDA-approved companion diagnostic test to detect the BRAF p.V600E mutation. The Cobas 4800 assay was designed to detect the p.V600E mutation, however it also cross-reacts with nonp.V600E mutations, including 70 % of p.V600K mutations [22, 23] . The analytic sensitivity (or limit of detection) of Cobas 4800 for the p.V600E mutation may be different for non-p.V600E mutations; some patients with non-p.V600E mutations who might otherwise benefit from vemurafenib therapy could therefore be missed [11, 13, 16, 24] . A variety of other assays to detect BRAF mutations have been developed [22, 23, [25] [26] [27] [28] , including a clinical pyrosequencing assay used in our laboratory.
In an effort to ascertain the limitations of our clinical pyrosequencing assay, we reviewed our ability to detect both p.V600E and non-p.V600E BRAF mutations in melanoma. As a quality assurance (QA) measure, we correlated p.V600E mutation assay results with pathologistgenerated estimates of tumor cellularity in specimens with indeterminate or low/borderline positive p.V600E signal. A discordant observation-for instance, a low p.V600E signal in specimens with relatively high tumor cellularitytriggered a QA follow-up. On follow-up, most specimens with low tumor cellularity showed a low positive signal consistent with a p.V600E mutation. However, a few specimens with high tumor cellularity showed an unexpectedly low p.V600E signal. The objectives of this study were to examine the performance of our BRAF pyrosequencing assay, to identify and provide a rationale for any unexpected/discrepant results, and to ascertain the utility of tumor cellularity as a QA measure.
Materials and Methods

Materials
We examined 194 formalin-fixed, paraffin-embedded (FFPE) specimens diagnosed as either primary or recurrent melanoma that were submitted for BRAF mutation testing between March 2010 and July 2013. This included 62 specimens tested with our initial pyrosequencing assay (March 2010-October 2011) and 132 specimens tested with our revised pyrosequencing assay (November 2011-July 2013), with both assays described further below. Pyrosequencing failed in only one (0.5 %) of the 194 specimens. This specimen was from a resection performed at an outside hospital, with unknown tissue fixation conditions. No melanin was observed on examination of the accompanying hematoxylin and eosin (H&E) slide. The remaining 193 specimens included 146 cutaneous melanomas (49 primary or locally recurrent tumors, as well as 97 metastatic tumors), 42 metastatic melanomas with an unknown primary tumor location, 4 mucosal melanomas, and 1 primary uveal melanoma. Tissue blocks with adequate tumor cellularity were selected by the pathologists who made the histologic diagnosis. One H&E slide followed by five unstained slides were prepared according to standard pre-PCR protocol. The H&E slide was examined and marked by the pathologist for subsequent macrodissection of the FFPE neoplastic tissues from two to five unstained slides of 5-micron thick sections. DNA was isolated from the area(s) designated by pathologists using the Pinpoint DNA Isolation System (Zymo Research, Irvine, CA, USA), followed by further purification via the QIAamp DNA Mini Kit (Qiagen, Valencia, CA, USA) [29] .
The tumor cellularity was first evaluated by pathologists who requested the diagnostic BRAF testing and then blindly re-evaluated by a single pathologist (MTL). H&E-stained slides were available for 192 of 193 specimens with successful BRAF mutation testing by pyrosequencing. An additional three specimens were excluded because of significant crushing artifact. The estimated ratio of tumor versus non-tumor nuclei was separated into quantiles (1-20, 21-40, 41-60, 61-80 and 81-100 %). A tumor cellularity of 41-60 % was assigned when the number of neoplastic cells was approximately close to the non-neoplastic cells. For those specimens with a relatively higher number of neoplastic cells, tumor cellularity was assigned as 81-100 % for specimens with predominantly neoplastic cells and 61-80 % for the remaining specimens. For those specimens with a relatively higher number of non-neoplastic cells, tumor cellularity was assigned as 1-20 % for specimens with predominantly non-neoplastic cells and 21-40 % for the remaining specimens. The total number of neoplastic cells was counted to calculate the tumor cellularity in some specimens with scant overall cellularity or an estimated tumor cellularity near the analytic sensitivity of the pyrosequencing assay.
Pyrosequencing
Pyrosequencing was performed as previously described [30, 31] . The established limit of detection for the assay in our laboratory is 5 % mutant alleles or 10 % tumor cells [32] . The PCR primers used for the amplification step of both the initial and revised pyrosequencing assays were as follows: forward primer 5 0 -GAAGACCTCACAGTAA AAATAG-3 0 and biotinylated reverse primer 5 0 -ATA-GCCTCAATTCTTACCATCC-3 0 . The forward sequencing primer of our initial pyrosequencing assay (preNovember 2011; designed primarily for detection of BRAF p.V600E) was 5 0 -AGGTGATTTTGGTCTAGCTACAG-3 0 (Fig. 1) . The sequencing primer of our revised pyrosequencing assay (post-November 2011) was 5 0 -GACCT-CACAGTAAAAATAGGTGATTTTG-3 0 (Fig. 1) . The differences between the two are shown in Fig. 1 , but to briefly summarize, the 3 0 end of the forward sequencing primer in the initial assay was at the first nucleotide of codon 600, whereas in the revised assay the 3 0 end is at the first nucleotide of codon 596. PCR conditions were 95°C for 15 min, 42 cycles of 95°C for 20 s, 53°C for 30 s and 72°C for 20 s, and 72°C for 5 min. The nucleotide dispensation order for pyrosequencing was: 5 0 -GCATC-GATCTCGATGAGTG-3 0 and 5 0 -GTAGCTAGCTATC AGCATCGACTCTCGATGAGTG-3 0 for the initial and revised assays, respectively. A signal of 4-5 % mutant allele was designated as 'indeterminate' and a signal of less than 3 % mutant allele was reported as a negative result. The interpretation of complex pyrogram patterns, such as those seen in two or more nucleotide variants within the same allele, was resolved by a freely-available software designed in our laboratory (Pyromaker; http://pyromaker. pathology.jhmi.edu) and confirmed by Sanger sequencing, as previously described [30, 33] .
Next-Generation Sequencing
Specimens with complex pyrograms were also retrospectively tested by a next-generation sequencing (NGS) platform, conducted using AmpliSeq Cancer Hotspot Panel 
Single-Nucleotide Polymorphism Array
Single-nucleotide polymorphism (SNP) array analysis was performed as previously described [34] . Briefly, DNA samples extracted from FFPE tissue (optimally 200 ng) were treated with the Infinium HD FFPE DNA restore kit before running on the Illumina Infinium II SNP array (HumanCytoSNP-12 v2.1 DNA Analysis BeadChip, Illumina Inc., San Diego, CA, USA) according to the manufacturer's standard protocol. The B-allele frequency and log R ratio data were analyzed using Illumina KaryoStudio software version 2.0 and CNV (copy number variation) partition V2.4.4.0.
Statistics and Data Analysis
Statistical analyses were performed using the GraphPad Prism software, unless otherwise specified (GraphPad Software, ver5, La Jolla, CA, USA). Categorical study cohort data (% mutated BRAF, % p.V600E) were evaluated by Chi-squared test. Correlation between the observed % BRAF mutant versus the % predicted mutant based on tumor cellularity were examined by Spearman's rank correlation coefficient and denoted as r. Error bars represent SD. For all analyses, differences were considered significant at *p \ 0.05 or **p B 0.01.
Results
Initial Pyrosequencing Assay: Tumor Cellularity as a Quality Assurance Measure
As a QA measure, we correlated the pathologist-generated estimates of tumor cellularity with the corresponding % p.V600E variant detected by our BRAF clinical pyrosequencing assay. In early October 2011, we noted a discrepant result: a specimen with 61-80 % tumor cellularity ( Fig. 2a) but a p.V600E signal of only 5 % (Fig. 2b) . The discrepancy was further evaluated by Sanger sequencing, which revealed mutations in the first two nucleotides (GTG[AAG at codon 600), leading to p.V600K if on the same allele (cis) or a double p.V600E and p.V600M if the mutations occurred on different alleles (trans) (Fig. 2c) . This was later retrospectively confirmed by NGS analysis, which showed p.V600K with 28 % mutant allele, consistent with the predicted 31-40 % based on tumor cellularity (61-80 % tumor containing a heterozygous mutation, data not shown). This discrepant result prompted a detailed review of the adequacy of the first iteration of our pyrosequencing assay (henceforth designed 'initial assay') as well as subsequent development of the 'revised' pyrosequencing assay.
Characterization of the Initial Pyrosequencing Assay
Sixty-two specimens were tested with the initial pyrosequencing assay from March 2010 to October 2011. BRAF mutations were detected in 27 of 62 specimens (44 %) [ Table 1 ]. The specimens were analyzed in detail in two cohorts, according to % p.V600E mutant allele: 16 specimens showed a mutant allele of 5-50 %, while nine specimens showed a mutant allele of 53-74 %, suggesting loss of heterozygosity or amplification of mutant alleles. The results (tumor cellularity vs. % observed mutant allele) were designated as concordant if the observed mutant allele percentage was within 10 % of the predicted % mutant allele based on tumor cellularity (assuming a heterozygous mutation). Among specimens with BRAF mutant allele B50 %, only 8 of 16 (50 %) were concordant: a 10 % lower than predicted mutant allele percentage was observed in six specimens (5-14 % observed vs. 31-50 % predicted; cases 1-4, 6 and 7) and a 10-point higher than predicted mutant allele percentage was observed in two specimens (cases 14 and 16) [ Table 2 ]. Overall, the Spearman correlation coefficient between % observed mutant allele and % predicted mutant allele based on tumor cellularity (r = -0.02; p = 0.8) was lower than might be otherwise expected, primarily because of the six specimens with low p.V600E signal despite high tumor cellularity (Fig. 3a ). An additional concern raised by the retrospective review of our initial assay was the high rate of p.V600E versus non-p.V600E mutations. Among the 27 BRAF mutated samples, 25 (93 %) showed p.V600E (GTG[GAG), one case showed p.K601E (AAA[GAA), and one case showed p.V600_K601delinsEI (p.V600E, GTG[GAA at codon 600 and p.K601I AAA[ATA at codon 601) [ Table 1 ]. The two non-p.V600E mutations were confirmed by Sanger sequencing. In the more complex case, we confirmed the presence of both p.V600E and p.K601I, but could not determine whether the mutations were located within the same allele (cis) or different allele (trans). Using a software tool called Pyromaker as well as NGS analysis, we confirmed that both 3-nucleotide mutations (p.V600E and p.K601I) occurred in cis within a single clone. The apparent difficulty in detection of non-p.V600E, together with above-mentioned low false-positive p.V600E identification in a case with p.V600K, cemented the need to redesign the pyrosequencing assay.
Design and Characterization of the Revised
Pyrosequencing Assay
To appropriately detect a range of common non-p.V600E mutations, a new sequencing primer was designed that spanned to end at the first nucleotide of codon 596 instead of the first nucleotide of codon 600 in the initial assay (Fig. 1) . As a case study, we used the revised assay in conjunction with Pyromaker to test the p.V600K-positive case mis-identified by our initial pyrosequencing assay as a p.V600E mutation. Indeed, with the revised assay we observed p.V600K (Fig. 2d) In contrast to the initial assay, we also observed a strong correlation between the 35 p.V600E BRAF mutant specimens identified by the revised assay and the mutant allele % predicted by tumor cellularity. We again analyzed the specimens in two cohorts, according to % mutant allele: 27 specimens showed a mutant allele of 7-50 %, while eight specimens showed a mutant allele of 53-77 %. Among the cases with B50 % p.V600E mutant, the observed mutant allele was within 10 % of the predicted in 24 of 27 specimens (89 %), markedly higher than 50 % concordance observed in the initial assay. A 10 % lower than the predicted mutant allele was observed in two specimens (18 % observed vs. 31-40 % predicted, and 28 % observed vs. 41-50 % predicted). SNP array analysis of these two specimens revealed a gain of chromosome 7, suggesting that the gain of the wild-type allele may account for the discrepancy. A 10 % higher than predicted mutant allele percentage was observed in one specimen (35 % observed vs. 11-20 % predicted mutant allele). SNP array analysis of this specimen revealed copy number change of chromosome 7q22-q35, a region that includes the BRAF gene, and this amplification may largely account for the above discrepancy. The revised assay demonstrated improved correlation between observed mutant allele percentage and tumor cellularity (r = 0.76; p B 0.01) [ Fig. 3b ].
Detailed Re-Evaluation of the 25 p.V600E Mutants Identified by the Initial Assay
All 25 melanoma specimens with p.V600E mutations identified by our initial pyrosequencing assay were reevaluated using the revised assay. p.V600E mutation was confirmed in 20 specimens (Table 1 ). The remaining five samples with p.V600E signal by the initial assay instead showed a markedly higher p.V600K via the revised assay. The % p.V600E allele detected by the initial and revised assays was highly concordant; however, in cases where the revised assay correctly identified p.V600K instead of p.V600E, the revised assay more closely approached the % predicted mutant ( failed. Overall, the 25 p.V600E-mutated specimens reevaluated using the revised pyrosequencing assay demonstrated a stronger correlation between % observed mutant allele and tumor cellularity (r = 0.41; p B 0.05) [ Fig. 3c ].
Discussion
Molecular testing for mutations in the BRAF gene is now a standard of care for patients with metastatic melanoma and is used to determine potential benefit from treatment with vemurafenib or other targeted therapy [13, 16, 26] . The assays must detect not only the most common and bestunderstood p.V600E mutation, but also non-p.V600E mutations, since clinical trials have shown that patients with the non-p.V600E BRAF mutant may also benefit from targeted therapy [11, [13] [14] [15] [16] . In this study, pathologistgenerated estimates of tumor cellularity served as a QA measure for a clinical BRAF pyrosequencing assay. Detection of a lower-than-expected p.V600E signal in specimens with a high tumor cellularity prompted an investigation, which revealed that our original pyrosequencing assay, similar to the Cobas 4800 BRAF V600 mutation test [22-24, 35, 36] , may show a weak p.V600E signal in p.V600K positive specimens. Our revised pyrosequencing assay could distinguish p.V600E mutation from other non-p.V600E mutations and confirmed a higher incidence of p.V600K mutation than previously reported in melanomas [4, 6, [9] [10] [11] .
Many real-time PCR-based BRAF assays, including Cobas 4800, utilize probes designed specifically to detect the p.V600E allele (GTG[GAT for codon 600). However, the probes have been shown to also cross-hybridize with the p.V600K allele and other non-p.V600E mutant alleles such as p.V600D [22-24, 35, 36] . In addition, Cobas 4800 and other PCR-based assays detect non-p.V600E mutations with a lower analytic sensitivity. This leads to a low falsepositive p.V600E signal in non-p.V600E positive specimens with high tumor cellularity, or possibly a false-negative result when the tumor cellularity is low [22] [23] [24] 35] . The 3 0 nucleotide of the sequencing primer of our initial pyrosequencing assay ended at the first nucleotide of codon 600. With retrospective and prospective review, we determined that a mutation involving this codon, such as p.V600K (GTG[AAT) or p.V600R (GTG[AGG), will lead to a weaker hybridization with the sequencing primer. This phenomenon appears to be similar to an allelic dropout caused by an SNP underlying a primer binding site [37] [38] [39] . Like the Cobas 4800 BRAF V600E test, the initial iteration of our pyrosequencing assay may also show either no signal or a low false-positive p.V600E signal in tumor specimens with non-p.V600E BRAF mutations.
In addition to the Sanger sequencing, pyrosequencing, and real-time-based assays (such as Cobas 4800), several molecular assays have been developed to detect BRAF mutations with various analytic sensitivity, such as the melt curve analysis, primer extension MassARRAY system, multiplex SNaPshot assay, allele-specific PCR, and NGS [9, 36, [40] [41] [42] [43] [44] [45] . NGS not only provides a high analytic sensitivity, but also a high diagnostic sensitivity by simultaneous detection of all common and uncommon mutations of the BRAF gene. We have recently validated the PGM NGS platform for simultaneous detection of BRAF, NRAS, and KIT mutations for melanoma. Immunohistochemistry (IHC) is also a highly sensitive and costeffective assay for detection of the BRAF p.V600E mutation [35, 36, [46] [47] [48] . The assay can be applied to specimens with low tumor cellularity, particularly those with neoplastic cells intermingled with a lymphocyte population. To date, VE1 and other monoclonal antibodies have been tested primarily in tumor specimens with p.V600E mutation [49] ; a study focused specifically on non-p.V600E mutations has yet to be reported.
Pathologists play a critical role in the triage of cancer specimens for molecular testing [50, 51] . A pathologist must make the diagnosis, request the appropriate molecular tests, select the tissue blocks, and designate the region with adequate tumor cellularity. In this article, we stress the importance of estimating the tumor cellularity within the designated region, so there is sufficient material to ensure proper analytic sensitivity of the requested assay. Specimens with poor tumor cellularity may lead to false negative results, particularly if assays with lower analytic sensitivity are implemented. The role of surgical pathology in ensuring accurate and appropriate molecular testing cannot be overstated, particularly in the context of waning reimbursement for this important service.
Our work and several other studies point to multiple reasons for discrepancy between tumor cell percentage and observed % mutant allele by molecular testing. Estimation of tumor cell percentage by the pathologists may not always be precise or accurate. Substantial interobserver variation has been demonstrated [52] [53] [54] . The correlation between estimated tumor cellularity and mutant allele percentage has also been shown to be poor [22, 23] . Selection of appropriate tissue blocks and designation of adequate target areas by pathologists may facilitate the estimation of tumor cellularity and improve both precision and accuracy. In general, resection specimens may be better than the biopsy specimens due to the presence of more tumor cells, but they also present a potential difficulty in choosing an optimal block. Resection specimens following neoadjuvant therapy can also present a difficult scenario for testing, because there may be few, if any, viable tumor cells [55, 56] . Fine-needle aspiration specimens, particularly those from lymph nodes with metastasis, are often challenging when the tumor cells are intermingled with abundant small lymphocytes. Pathologists may also want to avoid areas with prominent desmoplastic reaction or inflammatory cell infiltration, which may significantly reduce the tumor cellularity and increase the difficulty for estimation, and areas with abundant mucin, necrosis, or melanin. For specimens with heterogeneous tumor cellularity, designating the whole area containing tumor cells for DNA extraction may also be challenging for the estimation of tumor cell percentage. Pathologists should mark multiple smaller areas of more than 2-3 mm 9 2-3 mm and exclude areas with low tumor cellularity. Counting absolute number of neoplastic and non-neoplastic cells in each specimen may not be practical for daily clinical routine. However, it may be worthwhile to do so when the estimated tumor cellularity is close to the analytic sensitivity of the requested assay. Prospective or retrospective quality management processes correlating the estimated tumor cell percentages with observed mutant allele percentages will provide a training process for the pathologist to improve precision and accuracy for estimating tumor cellularity. Computerized image systems may provide an automated, objective determination of tumor cellularity for molecular testing in the near future [57] .
To allow potential inter-and intraobserver variability, we arbitrarily designated a conservative 'within 10 %' as a set cut-off for congruent vs. discrepant results for comparison between the observed and predicted mutant allele percentage. PCR amplification bias, extremely low input or low quality of DNA, and chromosome anomalies with gain or loss of the mutant allele or the wild-type allele may affect the observed % mutant allele. The real-time PCRbased assays and our original pyrosequencing assay are two examples showing how a design bias of the assay can cause discrepancy between the observed and predicted mutant allele percentage in specimens with a p.V600K mutation. Extremely low input or low quality of DNA for PCR may lead to allele dropout and inconsistent observed mutant allele percentage between different runs. Loss of the wildtype allele (loss of heterozygosity) or amplification of the mutant allele will lead to an observed mutant allele percentage more than that expected. Although an observed mutant allele percentage lower than that expected may be caused by a gain of the wild-type allele, it is most likely due to overestimation of the tumor cellularity.
Another pre-analytical cause for the perceived discrepancy may center on how pathologists determine tumor cellularity as a % of the total specimen. In both training and clinical practice, pathologists use simple linear measurements for microscopic evaluation of tumors. The maximum tumor size, margins and extent of lymph node metastases are all such measures. Not surprisingly, pathologists therefore may estimate tumor cellularity by evaluating the surface area of tumor cells rather the number of tumor nuclei. Overall, this results in an overestimate; a sheet of large cancer cells, for instance, is visually more impressive than a tiny lymphocyte, yet the total DNA in both the tumor cell and lymphocyte is about the same (Fig. 4a) . Another reason for discrepancies may be a physical characteristic of histological sections. When one generates routine 5 lm sections, it is likely that the majority of a compact nucleus of a small lymphocyte will be contained in that section, while it is much less likely that a large tumor-cell nucleus will be included (Fig. 4b) .
Conclusion
We used BRAF mutation detection by pyrosequencing to demonstrate that tumor cellularity estimated by pathologists can be a QA measure to improve accurate detection of non-p.V600E BRAF mutations. Using our revised assay, we confirm that the p.V600K mutation and other nonp.V600E mutations are not uncommon. The Cobas 4800 BRAF V600 mutation test and our original pyrosequencing assay may not be able to detect the non-p.V600E mutations, particularly when tumor cellularity in the specimens is low. Adequate designation to enrich tumor cellularity by pathologists, as well as regular prospective and retrospective quality management processes in the molecular diagnostics laboratory, may reduce the risk for a false negative result. Assays with higher analytic sensitivity will help Fig. 4 Caveats of tumor cellularity estimation. Number of nuclei rather than surface area of nuclei or entire cells should dictate % tumor cellularity estimates (a). This may be difficult for human ''eyeball'' estimates-here, tumor cellularity is estimated at 50 % according to surface area, but the mutant allele (assuming heterozygosity) is 20 %. Nuclear truncation in tissue section also leads to overestimated tumor contents (b) identify mutations in specimens with lower tumor cellularity, and those with higher diagnostic sensitivity will help cover all the reported mutations in exon 11 and exon 15 of BRAF. NGS platforms may be ideally suited for this purpose. Such assays will likely prove worthwhile to identify all patients with p.V600E mutations and non-p.V600E mutations who may benefit from vemurafenib or other targeted therapies.
